Currently, most of modern sprayers are equipped with suspensions for improving the uniformity of spray application in the field. Therefore, this paper represents the possibility of applying active force control (AFC) technique for the control of a spray boom structure undesired roll movement through a simulation analysis. The dynamic model of the spray boom was firstly defined and an AFC-based scheme controller was designed and simulated in MATLAB environment.Artificial neural network (ANN) is incorporated into the AFC scheme to tune the proportionalderivative (PD) controller gains andcompute the spray boom estimated mass moment of inertia. The training of both ANN with multi layer feed forward structure was done using Levenberg-Marquardt (LM) learning algorithm. To evaluate the AFC-ANN control system robustness, various types of disturbances and farmland terrain profileshave been used to excite the spray boom. The results of the study demonstrated that the AFC-based method offers a simple and effective computation compared to the conventional proportional-integral-derivative (PID) control technique in attenuating the unwanted spray boom roll oscillation or vibration. The AFC-ANN scheme is found to exhibit superior performance for different proposed terrain profilesin comparison to the AFC-PD and pure PD counterparts.
INTRODUCTION
The sprayers are extensively used in conventional method for crop protection on the fields against diseases, weeds, pathogens, and other swhich farmers can harvest maximum agriculture products. Spray boom islocatedon tractor mounted, trailed, self-propelled, and aircraft sprayers to spread dissolved chemicals in water on crop. During the treatment on the field, the movements of spray boom in vertical and horizontal planes cause to unwanted over-application or under-application. The effective undesired motions on spray boom distribution are regularly consisted roll, yaw and jolt movements when the spray boom is moved on the roughness fields (Langenakens et al., 1999) . One of the initial studies about effects of tractor roll motion on spray boom deposit pattern was done by Mahalinga Iyer and Wills (1978) . Furthermore, other simulation models illustrated differences in spray distribution between 20% and 600% for the horizontal vibration and between 0% and 1000% (100% is ideal) for the vertical vibration (Langenakens et al., 1995) . On the other hand, the main reason of link vibration is flexibility in structure. In machine component design, links can be considered rigid (Ramon and De Baerdemaeker, 1997; Langenakens et al., 1999; Clijmans et al., 2000) or flexible (Ramon et al., 1998; Anthonis and Ramon, 2003; Ramon et al., 1996; Tokhi et al., 2000; Alam and Tokhi, 2007; Khairudin et al., 2010) .
Two types of control techniques, passive and active controls, were listed in literature to attenuate the vibration effect in the spray boom structure. The passive control method consists of springs and dampers are used to keep system stiff and decrease the magnitude of vibration, respectively. This method is capable at low frequencies although it is expensive and bulky. On the other hand, the active suspensions reduce the high frequency vibration of sprayers because of uneven ground (Frost, 1984) . Then, a number of researchers have concentrated on numerous active spray boom suspension strategies both theoretically and experimentally (Anthonis et al., 2005; Frost, 1984; Frost & O ′ Sullivan, 1986; Ramon et al., 1998; Deprez et al., 2003 Deprez et al., , 2002a Deprez et al., , 2002b . In these researches, classical controllers such as proportional (P), proportionalintegral (PI), linear quadratic Gaussian technique with loop transfer recovery (LQG/LTR) theory, and H ∞ control were applied to control the sprayers' vibration. Recently, the active control suspensions are still less applied while undesired boom oscillations have been characterized as a great restriction for chemical distribution uniformity (Anthonis et al., 2005) . Additionally, conventional control method which is simple and relatively stable could just guarantee satisfactory performance at a very low speed operation (Mailah, 1998) .
New methods in active control such as fuzzy, neural network and adaptive controls are introduced to increase the robustness and accuracy of controllers. One of the novel approaches in control is active force control (AFC) which concentrated by researches, which will be mentioned following, due to its high efficiency, simplicity, and accuracy.
Initially, the usage of AFC method was originated by Johnson and later Davison based on the classic Newton's second law of motion (Johnson, 1971; Davison, 1976) . Results showed that there ispotential to design a feedback controller that ensures the system remains unchanged in the occurrence of the disturbances and uncertainty. A complete package of the AFC system was suggested by Hewit and Burdess to control a rigid robot arm (Hewit and Burdess 1981) . AFC has been represented to be efficient in eliminating disturbances for physical systems. The AFC technique was first employed for vibration control by Hewit et al. to control a flexible manipulator motion (Hewit et al., 1997) . Moreover, the AFC incorporated with classical controller was used in active suspension systems of vehicles (Mailah and Priyandoko, 2007; Priyandoko et al., 2009; Alexandru and Alexandru, 2010; Rajeswari, 2010) . The results of these studies revealed the AFC strategy is more effective in attenuating the amplitude of undesired vibrations of the system. Since the most crucial computational part in AFC is the approximation of the estimated mass or moment of inertia of any dynamical system, the use of artificial intelligence (AI) method such as artificial neural network (ANN) and iterative learning (IL) to determine this parameter has been initiated by Mailah (1998 (Kwek et al., 2003 Noshadi and Mailah, 2012 ) methods were widely employed by researchers. The AI technique has been shown to enhance the efficiency of AFC-based scheme (Mailah, 1998) . Also, to the author knowledge, there is no available literature on the application of AFC approach to control the unwanted vibration of a spray boom directly. Two simulation works on the application of AFC scheme to control roll motion of spray boom incorporating crude approximation and IL were described by Tahmasebi et al. (2012 Tahmasebi et al. ( , 2013a .
The purpose of this study is an attempt to initiate another new robust control strategy of an active suspension system for controlling the rolling movement of the spray boom using an AFC-based approach employing ANN strategy. Two ANN schemes are incorporated into the proposed strategy, one to compute and tune the PD controller gains while the other is incorporated into the AFC loop for the prediction of the essential parameter, i.e. estimated inertia of the spray boom.
RESEARCH METHODOLOGY 2.1. Spray boom suspension model
While the field unevenness typically causes the vertical vibration in the tractor and sprayer frame, the control of the undesired vertical and roll movements is equally important to regulate the uniformity of the spray application. For this purpose, a passive suspension with four springs and dampers was commonly considered to attenuate the vertical motion of the sprayer frame even though an active suspension was also sometimes employed to reduce the rolling of the spray boom. Active suspension differs from passive suspension because an actuator is normally attached in parallel with the damper and spring configuration. The main benefit of applying active suspension scheme is the capability of the system in which the suspension parameters can be adaptively changed during the operation. The spray boom used in this work is a rigid beam pivoted to a sprayer chass is and a servo motor is employed as the actuator. A schematic diagram of the spray boom suspension system is depicted in Fig. 1 . The required torque is needed on the boom is determined by the general equation of motion as follows (Craig, 2005) :
Where τ: Actuated torque vector H: NxN inertai matrix of manipulator and actuator h: Coriolis and centripetal torque vector G: Gravitational torque vector τ e : External disturbance torque vector The mechanical properties and the details of the mathematical model applied in this research have been discussed in Tahmasebi et al. (2012) . The sprayer frame is restricted to move in vertical plane, and the boom is also excited to various external disturbances and farmland terrain profiles in the form that can be represented by sinusoidal functions.
Active force control
AFC was initially introduced by Hewit and Burdess that is derived from the basic Newton's second law of motion (Hewit and Burdess 1981) . The practical AFC strategy involves the direct measurement and estimation of several parameters
(i.e., the estimated disturbance torque, the measured actuated torque and angular acceleration, and estimated mass inertia of the spray boom) to triggerits compensation action. In practice, the torque can be measured using a physical torque sensor and the acceleration using an accelerometer. Note that in simulation, it is assumed that the modelling of all the signals from the sensors is perfect, i.e., noises, inaccuracies and friction were neglected. The estimated disturbance torque is thus computed as the measured actuated torque minus the multiplication of the estimated inertia of the sprayer boom with the angular acceleration of the spray boom which can be written as follows:
Where Q', I', and T ' are estimated disturbances torque, estimated inertia, and actuated torque, respectively (Mailah, 1998) . If disturbance torque can be estimated accurately, it can be utilized to decouple the applied torque from the actual disturbances torque. This helps the system to remain stable even in presence of external disturbances. Since a torque motor is considered as an actuator in this research, Equation (2) can be rewritten in the following form:
I t is the motor current, and K tn is the motor torque constant (the torque sensor is replaced by the current sensor signal multiplied with the torque constant according to its mathematical model). The AFC performance depends on how the estimated inertia of spray boom is computed. Fig. 2 illustrates the schematic diagram of the AFC-PD scheme utilized to a spray boom. The method to obtain the estimated inertia is through a crude approximation technique.
As previously mentioned, crude approximation technique and intelligent method based on IL have been used to compute the estimated inertia for the spray boom suspension system (Tahmasebi et al., 2012 (Tahmasebi et al., , 2013a . In the former, through a trialand-error approach, different estimated inertia values were tried and tested in the simulation loop to find the best responses of the system. As can be seen in Fig. 3 , the best performance of the AFC-PD control system was achieved by means of setting I ′ = 0.57 kgm 2 .
Although it seems that a larger value of I ′ provides a good response in terms of suppressing the oscillation (vibration) better, further increasing I ′ may cause instability Figure 2 . Schematic diagram of AFC-PD approach applied to a spray boom.
to the system as illustrated in Fig. 4 which shows the instability of system when I ′ = 0.58 kgm 2 . It has been found that by incorporating the AI technique as in the latter method, the inertia can be estimated quickly and effectively through the application of ANN method. In this work, the estimated inertia is acquired through an ANN method.
Proposed AFC-ANN scheme
The rigorous research on the theory of artificial neural network (ANN) commenced in the late 1980's (Lippman, 1987; Hecht-Nielsen, 1988; Wasserman, 1989) . A typical ANN multilayer feed forward configuration consists of a number of neurons in its input, hidden and output layers. They are connected through weights which are updated as the network learns. Non-linear functions are normally applied as threshold or activation functions. The most common equation that shown the input/output relationship of a neuron is as follows: Where w: weight b: bias f ( ): nonlinear function The most popular type of training algorithm is the back-error propagation algorithm which the network learns through example and is subjected to a pair of training patterns comprising a set of input patterns and the corresponding set of target output patterns. In addition, the error between the network and output of the system is applied as the learning signal for ANN to obtain proper biases and weights that the algorithm of learning is established by the error minimization (mean square error) can be mentioned as follows (Wilamowski et al., 2001) : (6) Where e, y a and y d are the error, current output and desired output at iteration n, respectively. The Levenberg-Marquardt (LM) algorithm is efficiently selected as the training function which the each layer weights based on LM technique given by (Hagan and Menhaj, 1994 ):
Where W ij is the weight, µ is the learning rate, J and I refer to Jacobin and identity matrixes, respectively. The LM algorithm needs to calculate inversion of J T J square matrix and J matrix at each epoch step.
The AFC scheme was implemented by two ANNs for the determination of PD gains (ANN1) and approximation of estimated inertia (ANN2). Fig. 5 represents the complete AFC-ANN scheme. In this method, the ANN implementation is based on a non-adaptive approach, i.e., the weights and biases of the ANN are fixed by the trained network, and they were not updated online when the system actually works. For the ANN1, the input is the actual output of the system while the output is the P and D gains where as for the ANN2, the input of ANN is the error while the output is estimated inertia. A program was written in MATLAB via the Neural Network Toolbox for implementing the initial off-line training of both the networks.
A feed forward error back propagation network structure in this research was employed for both ANN1 and ANN2. The former uses 1 input layer with 1 neuron, two hidden layers with 10 neurons, and 1 output with 2 neuron (according to 1-10-10-2 configuration) while the latter employs 1 input layer with 1 neuron, two hidden layers with 10 neurons in each layer and 1 output with 1 neuron (1-10-10-1 configuration). It should be noted that the structure of the ANN was accomplished by trial and error method. The ANN error minimization was used to update the biases and weights via LM algorithm.
The simulation was performed using MATLAB/Simulink software. Fig. 6 depicts the complete schematic diagram of the AFC-ANN scheme. The PD gains were automatically tuned and computed through the ANN1 mechanism as described at length in (Tahmasebi et al., 2013b) .
The boom parameters applied in the simulation study are listed in Table 1 . A servomotor was selected as the actuator in which the torque motor constant (K tm ) has been obtained from the actual data sheet of a DC servomotor. In order to ensure that the suggested control scheme is effective and robust, a number ofexternal disturbances were considered in the simulation which is expressed as follows:
• Constant disturbance torque at the revolute joint: T = 10 Nm • Sinusoidal wave of amplitude, am = 5 cm and frequency, f = 4.4 Hz • Sinusoidal wave of amplitude, am = 5 cm and frequency, f = 2.2 Hz The amplitudes and frequencies of sinusoidal wave functions were selected based on studies by Ohmiya, (1991) and Bukta et al. (2002) for tractor-implement systems. The constant torque value was found based on the assumption that various objects like bird/s of unknown mass/esmaysit on the sprayer boom structure during the actual field operation.
In implementing ANN2 to estimate the inertia, an off-line training of the network was first performed considering an adequate number of training sets. The network should be trained sufficiently to be able to generalize well. Then, the trained network was directly embedded into the AFC-ANN control scheme to handle the on-line implementation as the boom moves in real time. The simulation and observation will be discussed in the following later section. Outer radius (cm) 1
Inner radius (cm) 0.8 All the results demonstrated that the performance of the active suspension using the AFC method is significantly superior compared to the PD controller. The AFC technique is thus found to be robust and accurate in the wake of disturbances and uncertainties. The angular position is considerably reduced which implies better control on distribution pattern of the spray boom. It is obvious that the responses of the PD control are not very stable and robust. In other words, the PD is not able to cope with the disturbances in a good way. The AFC-ANN scheme performance in the presence of the disturbances is better than AFC-PD (see insets showing the closed-up view to clearly distinguish between the two schemes). The most significant improvement in performance is observed when the sprayer suspension system passes over the sinusoidal wave terrain profile (f = 4.4 Hz, am = 5 cm).
RESULTS AND DISCUSSION
The results also verify that intelligent method used in the study can efficiently compute the estimated inertia continuously and automatically, implying that the process of estimated inertia tuning becomes easier and more systematic. Figs. 9 and 10 depict the frequency domain responses of AFC-ANN, AFC-PD, and PD schemes and uncontrolled system when the spray boom suspension is subjected to the given farmland terrain profiles. The performance of the PD controller does not seem to perform as robust as the AFC-based methods even though the performance of AFC-ANN and AFC-PD are comparable. The trends for all the responses of the various control schemes with disturbances appear similar, thus indicating the robustness and superiority of the AFC-based schemes. It can also be seen that all active control schemes show much better performance (in terms of suppressing the vibration) compared to the uncontrolled system.
CONCLUSION
A novel and new controller employing neuro active force control called AFC-ANN has been effectively designed and simulated for the suppression of a roll motion or oscillation (vibration) of a spray boom suspension system. The AFC-based method is found to be computationally simple and efficient and yet produces robust and accurate even in the presence of various disturbances. In addition, the simulation results showed that for given parameters and conditions, the proposed AFC-ANN scheme yields improved and enhanced performance compared to the PD controller and uncontrolled counterparts signifying that the effectiveness of the ANN mechanism and that it can be readily implemented in the control scheme. The results also imply that the AFC-based scheme as a robust intelligent control method is capable to suppress the disturbances effectively for the spraying operation in the field. However, further study should be performed to investigate the effects of other forms of disturbances, different loading conditions, uncertainties and parametric changes. An on-going project through the development of a full working prototype employing the proposed control strategy is underway to practically evaluate and validate the simulation trends related to the parameters of interest.
